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Plant protectiona b s t r a c t
Biocontrol research has long been focused on the study of single strains of biocontrol agents (BCAs) and
on their interaction with pathogens and host plants. Further focus on plant-associated microbial commu-
nities was suggested several years ago, but signiﬁcant advances only occurred recently. The advent of
high-throughput sequencing (or next-generation sequencing – NGS) technologies is now driving a para-
digm change that allows researchers to integrate microbial community studies into the traditional bio-
control approach. This integration could answer old scientiﬁc questions, and will raise new biocontrol
hypotheses. Microbial communities could impact disease control through their interaction with host
plants, pathogens, and BCAs. A better understanding of these interactions will provide unexpected oppor-
tunities to develop innovative biocontrol methods against plant pathogens. For example, formulation or
timing of BCA application can be improved, ‘‘helper’’ microbial strains can be selected, or molecules driv-
ing the microbiota to a pathogen-resistant composition (‘‘prebiotic’’ approach) can be developed. The ﬁve
main challenges of microbiome implementation in biocontrol research are also described, i.e. (i) the man-
agement of technical errors and biases, (ii) the growing importance of bioinformatics, (iii) the adaptation
of experimental schemes, (iv) the appropriate interplay between NGS and other technologies, and (v) the
need to complete current genome databases.
 2015 Elsevier Inc. All rights reserved.1. Introduction
From a historical point of view, studies on plant–microbe
interactions have so far mainly focused on binary or ternary
interactions like plant–pathogen, plant–mycorrhizal fungi or plan
t–pathogen–biocontrol agent. These studies signiﬁcantly improvedour understanding of these associations, but with a major draw-
back: plant roots and leaves harbor very diverse and abundant bac-
terial and fungal communities, so these interactions do not occur
on a sterile surface as in most laboratory experiments. These com-
munities are called microbiota when referring to the ecological
community of microorganisms within a deﬁned environment, or
microbiome when referring to the collective genomes of all
microorganisms from a given environmental niche. These micro-
bial communities have been estimated at 106–107 cells/cm2 in
Fig. 1. Current and future roles of the microbiota in the control of plant pathogens.
Full arrows represent current research areas and control measures. Dotted arrows
correspond to future research areas and control measures that can arise from a
better understanding of the role of the microbiota using NGS methodologies. ISR:
induced systemic resistance. (1): BCAs are frequently isolated from plant
microbiota.
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the rhizosphere (Whitman et al., 1998).
Plants can therefore be considered as super organisms harbor-
ing very diverse microbial communities that provide speciﬁc func-
tions and traits to plants. For more details, (de Bruijn, 2013) and
(Vorholt, 2012) reviewed the role and function of the rhizosphere
and phyllosphere microbial communities, respectively. These func-
tions can be summarized as ﬁve key roles: (i) improving nutrient
acquisition and growth, (ii) sustaining plant growth under biotic
and/or abiotic stress, (iii) inducing resistance against pathogens,
(iv) interacting with plant or human pathogens, and (v) interacting
with other trophic levels like insects. The plant microbiota can be
considered as a key factor for plant health and productivity. In par-
allel, plants drive microbiota selection through leaf or root anat-
omy and morphology or production of exudates.
Plant microbial communities hold a sizeable place in biological
control as they are the source of the majority of biocontrol agents
(BCAs). After washing and plating, cultivable microbes are isolated,
and individual strains are screened for their biocontrol properties
against plant pathogens. BCAs generated great enthusiasm as a
sustainable control method of plant pathogens. Nevertheless, their
practical application is often hampered by their lower or
non-reproducible efﬁcacy compared to chemical treatment. More
comprehensive studies of BCA survival and efﬁcacy on plants are
still needed.
Research in biocontrol has mainly been focused on single BCA
strains. Several authors suggested to focus more broadly on
plant-associated microbial communities (Benítez and McSpadden
Gardener, 2009; Kim et al., 2011; Smalla et al., 2001). However, this
approach received little attention for the development of biocon-
trol methods. It was an unattainable objective due to the absence
of techniques to survey microbial communities and their evolution
in a holistic manner at affordable costs. Recent developments in
high-throughput sequencing (or Next Generation Sequencing –
NGS) technologies and in bioinformatic analyses have drastically
changed the course of events.
Many NGS technologies have been developed so far, and new
technologies are still being developed. These technologies, their
performances and limitations have been reviewed in detail else-
where (Knief, 2014), so they will not be speciﬁcally addressed here.
As far as microbial community studies are concerned, NGS
methodologies can be divided into three approaches. Amplicon
sequencing-based technologies are currently the most popular
ones for plant microbiome studies. A speciﬁc genomic region is tar-
geted, ampliﬁed and sequenced in order to describe the microbial
community within a sample. Usually, the selected genes are the
16S rDNA gene for bacteria and the 18S rRNA gene or Internal
Transcribed Spacer (ITS) region for fungi. Metagenome sequencing
is a second approach. It is based on shotgun sequencing. DNA is
extracted from the sample, sheared into small fragments, and
directly sequenced. The sequences are further assembled into con-
tigs and annotated. The third approach, called metatranscrip-
tomics, is based on shotgun sequencing to study the gene
transcripts of the whole microbial community. RNA is sheared,
retrotranscribed, and then sequenced. Importantly, rRNA must be
removed to focus the sequencing on other RNAs (messenger
RNAs or non-coding RNAs). The sequences are further assembled
into contigs and annotated. Recently, several studies using NGS,
and mainly the amplicon approach, contributed to a more com-
plete characterization of the composition of plant microbial com-
munities. They boosted the interest for this neglected ﬁeld and
for the impact of these communities on plant growth, plant health
and food safety. There are already several reviews on the impact of
NGS on rhizosphere and phyllosphere microbial communities
(Berlec, 2012; Bulgarelli et al., 2013; Knief, 2014; Rastogi et al.,
2013).The speciﬁc objective of this paper is to analyze the existing
and future contribution of NGS technologies to plant microbiome
studies in the context of biocontrol research, as illustrated in
Fig. 1. In this ﬁgure, we underline the main emerging scientiﬁc
questions related to the study of plant microbial communities
and their effect on pathogens, plants and/or BCAs within the
framework of biological control. Microbial communities may
directly inﬂuence pathogen development through antibiosis, par-
asitism or competition. The microbiota may also have an indirect
role by stimulating plant defenses or BCA survival and activity. A
better understanding of the microbiome will also allow research-
ers to identify strains (considered as ‘‘helper microbial strains’’)
or molecules (some could be considered as plant prebiotics)
involved in improving these direct or indirect effects against
plant pathogens. A better understanding of plant microbial com-
munity assembly, roles and ecosystem services could bring about
unexpected opportunities to develop innovative control methods
of plant pathogens.2. Available tools to study the plant microbiome
In Fig. 2, the current tools used in microbiome studies are
classiﬁed following two axes. The vertical axis corresponds to
the focal degree of the approach from a single target to a holistic
analysis. The horizontal axis classiﬁes approaches depending on
the information they provide: from community description and
characterization to functional analysis of community member
interactions.
This ﬁgure illustrates the opportunities offered by NGS tech-
nologies. For the ﬁrst time, it is possible to study microbial com-
munities at a very ﬁne resolution while using holistic
approaches. These advances were made possible by huge research
projects on the human microbiome, but also by the Earth
Microbiome Project (www.earthmicrobiome.org), a massive multi-
disciplinary effort to analyze microbial communities across the
globe. The project aims to sequence and analyze 200,000 samples
from these communities to produce a global Gene Atlas describing
gene functions, proteins, and environmental metabolic models for
each biome. The Earth Microbiome Project also releases protocols
and standards for sample preparation and data analysis.
Fig. 2. Comparison of available methodologies for studying the plant microbiota from a technological point of view, e.g. a targeted or a holistic approach, and studying the
output, e.g. from community description to functional understanding. Data points correspond to the quantity of information generated from data analyses. Sanger: Sanger
DNA sequencing using ddNTPs, DGGE: Denaturing gradient gel electrophoresis, t-RFLP: Terminal Restriction Fragment Length Polymorphism, FISH: Fluorescent in situ
hybridization, cDNA-AFLP: cDNA – ampliﬁed fragment-length polymorphism.
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and compared in Table 1. The amplicon sequencing approach is
cheaper and easier to carry on and interpret, but only provides
information at the taxonomic level. Sequences are clustered into
Operational Taxonomy Units (OTUs), which represent species or
groups of closely related species. These OTUs are further assigned
to their most probable taxonomical levels and thus provide an
overview of species diversity and abundance in each sample
(alpha-diversity). Moreover, beta-diversity analyses are carried
out. They calculate the degree of similarity, e.g. phylogenetic relat-
edness, between samples and/or groups of samples. Amplicon
sequencing does not provide any information about genes,
whether present in the genome of microorganisms or transcribed.
The metagenome sequencing approach corresponds to the direct
sequencing of the DNA extracted from microbial communities
without targeting any speciﬁc gene. It provides the gene content
of a microbial population. The generated sequences are aligned, a
process called de novo assembly, to reconstruct the genes and gen-
omes. Metagenome sequencing will not allow for the sequencing of
entire genomes. The size of the assembled sequences, called con-
tigs, can greatly vary, from a few hundred to several hundred thou-
sand nucleotides. The genes present in contigs can further be
identiﬁed by comparing their sequences to databases. Based on
gene functions, microbiome pathways can further be reconstructed
and analyzed in depth. Yet, there is still a bias as a highly abundant
gene in the microbiome is not necessarily highly expressed. The
metatranscriptomics approach is a functional supplement of the
metagenomics approach. By studying microbial community gene
transcripts, the metatranscriptomics approach identiﬁes the most
transcribed genes and pathways. This reﬁnes the functional
understanding of microbiota roles and functions. This approach
has not yet been applied to plant microbiomes, but it is becoming
more popular in the more advanced ﬁeld of human microbiome
studies.
The application of these emerging NGS approaches in biocontrol
research will lead to a better understanding of the role of the
microbiota in pathogen control. As illustrated in Fig. 1, NGSapproaches analyzing plant microbiomes will address new
research areas like the role of the microbiota in plant defense,
the trophic interactions between microbiota and pathogens or
BCAs, the development of molecules to modulate the microbiota
toward a ‘‘pathogen-hostile’’ state. . . Importantly, NGS technolo-
gies should not be seen as competitors of classical approaches like
microbiology, biochemistry or low-throughput molecular biology
(Sanger sequencing, real-time PCR, FISH. . ..). When applied within
an appropriate experimental design, NGS will generate innovative
and strong hypotheses about relationships between microbiota,
plant, BCA and pathogen. These hypotheses will have to be later
veriﬁed and conﬁrmed, mainly through microbiological, biochem-
ical or classical molecular biology approaches. For example, micro-
scopy technologies, like FISH-CLSM, have already been used to
conﬁrm hypotheses of taxon co-occurrence or co-exclusion raised
by NGS (Bragina et al., 2014; Cardinale et al., 2015). For biocontrol
research, it is possible to investigate if a BCA colocalizes with other
taxa whose presence correlates with improved or more stable bio-
control efﬁcacy. Strains from these taxa could further be selected
as ‘‘helper microbial strain’’ for the BCA (described later in the
text).3. Driving factors of the rhizosphere and phyllosphere
microbiomes
Phyllosphere, rhizosphere and soil microbial communities are
signiﬁcantly different in terms of species composition, abundance
and diversity (Bulgarelli et al., 2013; Inceog˘lu et al., 2011;
Martins et al., 2013). The main drivers of the rhizosphere micro-
biome are soil type and plant genotype (Berg and Smalla, 2009;
de Bruijn, 2013). Soil type is particularly important through its
composition and physicochemical properties. Soils represent the
major sources of microbes for the rhizosphere. Plant species and
genotype also modulate the microbiota through root morphology
and physiology, root exudate composition, and the presence of
defense genes. Additionally, the rhizosphere microbiome can also
Table 1
Comparison of the 3 existing approaches for microbiome study by NGS. PCA: Principal Component Analysis; NMDS: Non Metric Multidimensional Scaling.













Quality control of the sequences
Clustering of the sequences in OTUs Alignment of the sequences in contigs or scaffolds




Alpha-diversity analysis (richness, diversity. . .) –
– Gene and metabolic pathways characterization and quantiﬁcation
Sample comparison (taxa presence and
abundance, diversity indexes)
Sample comparison (taxa, genes and metabolic pathways
presence and abundance)
Sample comparison (genes and metabolic
pathways differential expression)
Beta-diversity analysis (NMDS, PCA, Box-plot)
Output Taxonomic abundance and diversity of the
microbiome
Taxonomic abundance and diversity of the microbiome Taxonomic abundance and diversity of the
living microbiome
– Overview on the functions and pathways present in the
microbiome
Overview on the functions and pathways
transcribed in the microbiome
Advantages Simpler bioinformatic analysis is without
high computing power
Functional analysis of the microbiome at genes and
pathway levels
Functional analysis of the living
microbiome at genes and pathway levels
Easy interpretation of the data More in depth analysis of strain composition and diversity Better understanding of microbiome
functions
Low cost
Drawbacks Analysis of dead cells and free DNA Analysis of dead cells and free DNA Technically the most challenging in the
laboratory
No functional information on the genes
and pathways
The presence and abundance of a gene/pathway not
always correlated with transcription level
More challenging bioinformatic analysis
than metagenome analysis
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(Hilton et al., 2013), and pesticides (Jacobsen and Hjelmsø, 2014).
The phyllosphere microbiome is also mainly inﬂuenced by plant
species and genotype. Key factors are the chemical composition of
the cuticle, the presence of veins, stomata or surface appendages
like trichomes (Vorholt, 2012). The genotype is also particularly
important. For example, a single mutation in a plant gene, like lacs2
and pec1 in Arabidopsis thaliana, can modify the microbiome
(Bodenhausen et al., 2014). Moreover, environmental factors, such
as, UV exposure and air humidity, and geographical location, also
inﬂuence microbiome composition (Rastogi et al., 2013; Vorholt,
2012). Geographical location has been identiﬁed as a main driver
in a lettuce ﬁeld (Rastogi et al., 2012), but not in trees (Redford
et al., 2010). Other factors are the growing season (Rastogi et al.,
2012), nitrogen fertilization (Ikeda et al., 2011), and pesticide
application (Moulas et al., 2013; Walter et al., 2007; Zhang et al.,
2009).4. Microbiome responses to BCAs or pathogen application
Once applied, BCAs encounter and interact with very diverse
microbial communities depending on plant species, environmental
factors and localization. The inﬂuence of a single microorganism on
the microbial community has already been studied for plant patho-
gens and/or BCAs. These studies were carried out using either clas-
sical methodologies and/or NGS. They are summarized in Table 2.
First, the exponential growth of publications in this ﬁeld over
the last three years underlines the raising interest of the scientiﬁc
community. The effect of BCAs on the rhizosphere microbiome has
been much more studied than the effect of BCAs on the phyllo-
sphere microbiome.
Several studies evidenced that factors like soil properties,
experimental conditions and physiological state had a deeper
and more durable effect on the rhizosphere microbiota thanBCA application (Chowdhury et al., 2013; Grosch et al., 2006;
Kröber et al., 2014; Scherwinski et al., 2007; Schreiter et al.,
2014b). The effect of a BCA can also depend on its interaction
with other factors: amplicon sequencing analysis revealed signif-
icant modiﬁcations of the bacterial community composition of
lettuce rhizosphere following application of the BCA P. jessenii
RU47 in alluvial loam, but not in diluvial sand or loess loam
(Schreiter et al., 2014a).
Themethodologyused to study the plantmicrobiome can impact
the experimental outcomes. Plating and low-throughput molecular
techniques showed that BCA treatment altered microbial commu-
nity diversity and abundance. (Buddrus-Schiemann et al., 2010;
Chowdhury et al., 2013; Teixidó et al., 1998; Yin et al., 2013;
Zhang et al., 2008). These results show that a BCA has an impact
on the plant microbiome. Two recent publications compared the
results obtained using NGS and low-throughput approaches
(Schmidt et al., 2014b; Sylla et al., 2013). They both showed that
classical techniques failed to detect alterations inmicrobial commu-
nities found when using NGS technologies. These examples show
that NGS technologies provide amore holistic and in-depth analysis
of themicrobiome, andcould thereforebemuchmoreappropriate to
detect alterations in microbial community diversity and abundance
after BCA treatment. As a consequence, the results of some publica-
tions using low-throughput technologies and underlining the
absence of effect of a BCA should be taken with care or would need
further conﬁrmation from NGS tools.
The comparative impact of a BCA and a pathogen on the plant
microbiome has also been studied by classical low-through put
molecular biology and NGS. Compared to untreated plants, R. solani
caused much higher dissimilarity in lettuce rhizosphere bacterial
communities than BCA application (Trichoderma sp.) (Grosch
et al., 2006). R. solani severely affected the bacterial and fungal
community structure of lettuce rhizosphere, while the BCA
Pseudomonas jessenii RU47 had a much smaller effect (Adesina
et al., 2009). Application of B. amyloliquefaciens FZB42 to the soil
Table 2
Impact of BCA application on the microbiota of a plant.
Plant Organ1 BCA application Pathogen
inoculation
Target2 Technology Observation References
Apple Fruit Candida sake CPA-1 – F & B Plating White yeasts, Cladosporium spp. and
Penicillium spp. were signiﬁcantly
reduced compared to untreated controls,
while the bacterial population remained




Barley R Pseudomonas spp. DSMZ13134 – B t-RFLP Microbiota was transiently modiﬁed up




Chamomille R Streptomyces subrutilusWbn2-11, Bacillus
subtilis Co1-6, Paenibacillus polymyxa
Mc5Re-14, P. ﬂuorescens L13-6-12,
Stenotrophomonas rhizophila P69, Serratia
plymuthica 3Re4-18




Low throughput analyses of 16S rDNA
and real-time PCR did not show
signiﬁcant differences between each BCA
and the control. By contrast, high
throughput sequencing of 16S rDNA
revealed signiﬁcant differences in the
community structure of bacteria 4 and
8 weeks after the treatments
Schmidt
et al. (2014)
Cucumber R Suppressive soil – F & B Amplicon
NGS
Massilia spp populations were reduced,
while Rhizobium spp., Bacillus spp.,
Paenibacillus spp., and Streptomyces spp.
(genera including species described as
fungal antagonists) increased. Changes




Cucumber R B. subtilis B579 – B Plating and
DGGE
There was a minimal and transient effect
on rhizosphere bacterial population
structure 4 and 9 weeks after treatment
Chen et al.
(2013)
Cucumber R P. ﬂuorescens 2P24 and CPF10 – B DGGE and t-
RFLP
Bacterial population structure was
transiently modiﬁed after treatment.




Lettuce R Trichoderma sp. R. solani F & B SCCP, Sanger Pathogen and plant developmental
stagehad much more inﬂuence on
microbiota composition than BCA
treatment after 4 and 16 weeks
Grosch et al.
(2006)
Lettuce R P. jessenii RU47 and 14 other BCAs R. solani F & B DGGE Pathogen inoculation severely affected
microbial communities, while BCA had a
much less pronounced effect 5 and
7 weeks after treatment
Adesina
et al. (2009)
Lettuce R T. viride GB7 S. plymuthica 3Re4-18 R. solani B DGGE Co-inoculation improved biocontrol
efﬁcacy and had a more pronounced
effect on microbial community structure




Lettuce R B. amyloliquefaciens FZB42 Rhizoctonia
solani
B t-RFLP There was a clear temporal shift but no
long-term major impact of BCA after
5 weeks. R. solani affected the




Lettuce R B. amyloliquefaciens FZB42 R. solani B Amplicon
NGS
The plant microbiota shifted as a
consequence of pathogen attack, but
these effects were offset by FZB42
Erlacher
et al. (2014)
Lettuce R B. amyloliquefaciens FZB42 – All Metagenome
NGS
No major taxonomic or functional
differences were observed in the




Lettuce R P. jessenii RU47, Serratia plymuthica
3Re4-18
– B DGGE No signiﬁcant modiﬁcation of the
rhizosphere microbial communities was




Lettuce R P. jessenii RU47 – B Amplicon
NGS
Soil type inﬂuenced the impact of BCA on





Pepper P B. thuringiensis – B PLFA, DGGE PLFA analysis suggested that bacterial
biomass and fungal biomass were not
signiﬁcantly affected following BCA
application. But principal component
analysis of PLFA data and DGGE indicated
that the phyllosphere microbial




Pepper R P. corrugata CCR80, Chryseobacterium
indologenes ISE14
– F & B Plating,
DGGE
Both strains modiﬁed bacterial and
fungal community composition, but this
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Table 2 (continued)
Plant Organ1 BCA application Pathogen
inoculation
Target2 Technology Observation References
Strawberry R S. plymuthica HRO-C48, Streptomyces sp.
HRO-71
– F & B Plating, SSCP There was no major long-term impact of




Strawberry P B. amyloliquefaciens FZB42, T. harzianum
T22, Beauveria bassiana ATCC74040
– F & B Plating,
amplicon
NGS
Plate counts did not reveal any changes,
but high throughput sequencing of ITS
and 16S rDNA revealed a modiﬁcation of
the fungal population (composition and
diversity) with T. harzianum, while
bacterial diversity was not affected by




Strawberry P Aureobasidium pullulans DSM 14940 and
DSM 14941
– F & B Plating,
amplicon
NGS
BCA establishment followed inter-annual
variations. Weekly BCA applications had
an effect on fungal communities. These




Grapevine P Lysobacter capsici AZ78 – F & B Amplicon
NGS
Richness and diversity of bacterial and
fungal populations were only minimally
affected after three weekly treatments
Perazzolli
et al. (2014)
1 Organ studied with R = rhizosphere and P = phyllosphere.
2 F = fungi and B = eubacteria. SSCP: single-strand conformation polymorphism; Sanger: sequencing with chain-terminating dideoxynucleotides; PFLA: phospholipid fatty
acid; CLPP: Community Level Physiological Proﬁle; DGGE: denaturing gradient gel electrophoresis; t-RFLP: terminal Restriction Fragment Length Polymorphism.
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rhizosphere, while R. solani inoculation affected the rhizosphere
bacterial population structure (Chowdhury et al. (2013). The
impact of the pathogen R. solani and/or of the BCA strain FZB42
on phyllosphere and rhizosphere bacterial communities of lettuce
was also studied more in depth by amplicon sequencing (Erlacher
et al., 2014). The plant microbiota shifted as a consequence
of pathogen attack, but these effects were offset by FZB42.
These results suggest a novel mode of action for the BCA, i.e.
selective compensation of the impact of a pathogen on the
plant-associated microbiota by the phyllosphere and rhizosphere.
It is worth mentioning that this effect could originate from the
direct impact of the BCA on the microbiota or from an indirect
impact of pathogen control by the BCA. Compared to single strain
application, co-inoculation of two different BCAs caused a more
pronounced impact on the microbial community structure of
cucumber rhizosphere, with increased evenness and better biocon-
trol of R. solani (Grosch et al., 2012). Microbiome analysis is often
supplemented by speciﬁc detection and quantiﬁcation of the BCA
and/or the pathogen. Importantly, when a pathogen is inoculated,
symptoms should be recorded in detail throughout the experiment
in parallel with microbiome analysis, during and after microbiome
sampling. The appearance of symptoms might signiﬁcantly modify
environmental conditions, and in turn impact microbial commu-
nity diversity and abundance. (Erlacher et al., 2014) found con-
trasting results, with not clearcut difference between the
rhizospheres of diseased (R. solani) and healthy lettuce plants,
but with microbial community structure alterations in the phyllo-
sphere of diseased plants. The disease status of plants needs to be
clearly stated in publications comparing the impact of a BCA and of
a pathogen on microbial communities.
Several publications identiﬁed a transient modiﬁcation of the
plant microbiota after BCA application (Buddrus-Schiemann
et al., 2010; Chen et al., 2013; Chowdhury et al., 2013;
Scherwinski et al., 2007; Yin et al., 2013). However, microbial com-
munity composition returned to a similar state to the untreated
control over time. If combined with effective biocontrol of the
pathogen, these observations may conﬁrm that BCA application
represents an ecologically-friendly treatment against pathogens,
with minimal or null impact on resident microbial populations
over time.5. Opportunities for biocontrol research in the microbiome era
Through their impact on the development of next-generation
bio-products, NGS technologies are already an important driver
of innovation toward a sustainable agriculture (Berg et al., 2013).
The advantages of NGS technologies over classical techniques for
microbial community studies are illustrated in Fig. 2. They rely
mainly on their ability to provide a holistic view of microbial com-
munity composition and functions. This holistic approach is partic-
ularly interesting to identify speciﬁc, and sometimes unexpected,
features of the microbiome (presence of species, genes or path-
ways, expressed genes. . .) in relation with the presence, survival
or development of a plant pathogen or a BCA. This combination
of microbial community features with information on disease inci-
dence or severity is essential to generate new hypotheses and
develop more mechanistic studies. NGS approaches can identify
changes in the microbiome that went unnoticed using classical
techniques (Schmidt et al., 2014b; Sylla et al., 2013). NGS
approaches can therefore give a much better and more detailed
picture of microbiome evolution. Altogether, this provides innova-
tive tools to answer old scientiﬁc questions, for example whether
BCAs and/or pathogens modify microbial community richness
and diversity; whether the lack of efﬁcacy of BCAs is due to micro-
bial community composition at the time of application or to a
microbial shift favoring pathogen microbes after BCA treatment;
what the role of microbial communities in plant immunity and
in pathogen development is. It will also raise new scientiﬁc ques-
tions, i.e. whether BCAs modify the microbial community toward
a pathogen-adverse composition; how and when apply a BCA to
leverage its effect through microbial communities; which external
factors, such as nutrients, can favor beneﬁcial microbiota; whether
we can develop softer methods of control based on the stimulation
of endogenous beneﬁcial microbiota.
Current publications on plant microbiomes are mainly focused
on the taxonomical description of microbial communities. First
studies were only focused on bacteria through 16S rDNA sequenc-
ing, while more recent studies also include fungal screening
(Perazzolli et al., 2014; Sylla et al., 2013). Knowing the role of fungi
in plant health and productivity, the simultaneous analysis of bac-
terial and fungal communities can now be considered as manda-
tory for any plant microbiome study focused on biocontrol
104 S. Massart et al. / Biological Control 89 (2015) 98–108agents and/or plant pathogens. Moreover, the taxonomical level
used to describe and compare samples is crucial to spot differ-
ences. Two recent studies observed variation between sample
groups only at the genus or lower taxonomical levels, while no dif-
ferences were observed at the phylum level (Degrune et al., 2015;
Schmidt et al., 2014a). Both publications underlined that the use of
the genus or lowest possible taxonomical level could be more
appropriate to detect differences in microbial communities.
Even if valuable information can be gained at the phylum, fam-
ily, genus or even species levels through taxonomic description,
conclusions are limited by the lack of any functional information.
The role of the observed phyla can only be inferred from the liter-
ature. Microorganisms exhibit an astonishing diversity and wide
genetic variability even within species, especially with respect to
their metabolic pathways and host-interactive capabilities
(Dini-Andreote and van Elsas, 2013). The next research step now
emerging in plant microbiome studies is to develop functional
analysis through metagenome sequencing. This approach will
identify the genes present in the plant microbiome and will allow
for a pathway-based functional analysis of metagenomes. Such
functional analysis could yield a more accurate description and a
reﬁned understanding of the role of the microbiome in the biocon-
trol of plant pathogens. For example, conserved functions in these
communities or functions linked with pathogen development or
plant resistance will be identiﬁed. Metagenomic sequencing is a
valuable approach to identify unique features of phyllosphere or
rhizosphere microorganisms, as well as so far undescribed mecha-
nisms of plant–microbe and microbe–microbe interactions. This
approach has already been used to gain a better understanding
of and new insights into the functions of the human microbiome,
and into its co-evolution with the hosts and their environment
(Arumugam et al., 2011; Qin et al., 2010; Yatsunenko et al.,
2012). For example, (Tong et al., 2013) identiﬁed groups of genes
essential for life in the human gut that were conserved across func-
tional microbial communities (e.g. carbohydrate and amino acid
metabolism), whereas several virulent pathways (including bacte-
rial invasion, pathogenic E. coli infection) were enriched in func-
tional microbial communities associated with Inﬂammatory
Bowel Syndrom. Functional biomarkers derived from metagenome
sequencing may be more robust than phylogenetic ones in ﬁnding
correlations between microbial community and human host
characteristics (Qin et al., 2010). Then, the presence and persistence
of functions in the plant microbiomemight also be more important
than taxonomical persistence. In a pioneering experiment,
(Cardinale et al., 2015; Kröber et al., 2014) compared a rhizosphere
microbiome at the taxonomical and functional levels, with or
without applying BCA FBZ42. At the functional level, they focused
their interpretation on subsystems involved in the utilization and
metabolism of plant root exudates like carbohydrates, nitrogen
and amino acid metabolic pathways, or involved in antibiotic
resistance and in the transport system for toxic compounds. They
observed minor changes with time in carbohydrate metabolism,
depending on the growth state of the plant, and no major
difference due to BCA application. Nevertheless, they compared
only one pooled sample for each condition, without any replicate,
so statistical comparison between samples is limited. This observa-
tion underlines that metagenomics sequencing of replicates of
each condition is highly recommended to make relevant statistical
comparisons between conditions, even if it signiﬁcantly impacts
budgets. Functional characterization of the microbiome also relies
on gene expression studies. Based on metagenomics data, the
expression of a limited number of genes potentially important in
the plant–microbiome–BCA interaction can be further studied by
techniques such as real-time quantitative RT-PCR (RT-QPCR).
Additionally, using high-throughput sequencing of the whole tran-
scriptome, one can analyze shifts at the transcription level of themicrobiome. Integrating metagenomics and metatranscriptomics
data is particularly important because the highly abundant genes
in genomes are not systematically the most expressed ones
(Franzosa et al., 2014).
We anticipate that the application of these new approaches will
impact biocontrol research in ﬁve ways. First, NGS approaches will
contribute to increasing knowledge about microbial community
development and evolution with time, e.g. through various physi-
ological state, pathogenicity and environmental conditions. This
increased understanding will allow for novel control methods to
be designed and tested to modify this process toward a
plant-friendly or BCA-friendly microbial community that will
interfere with pathogen establishment and development, and with
disease development.
Second, NGS technologies may identify new relationships
between the microbial community and the presence of pathogens
or an inoculated BCA without a priori. For example, the sequencing
of the lettuce phyllosphere microbiome showed that the foliar
presence of Xanthomonas campestris pv. vitians, the causal agent
of bacterial leaf spot of lettuce, correlated positively with the pres-
ence of bacteria from the genus Alkanindiges, but negatively with
Bacillus, Erwinia and Pantoea (Rastogi et al., 2012). In human clini-
cal research, the effects of pathogen infection on gut microbiota
and its consequences on the host have been more extensively stud-
ied by NGS of resident microbiota. For example, a shift in microbial
structure occurred during infection by bacterial or viral pathogens
(Chassaing et al., 2013; Nelson et al., 2012) These studies also
underline the importance of syntrophic relationships between taxa
in different environmental conditions and warrant trans-kingdom
studies of the plant microbiome (bacteria, fungi, virus).
Third, microbial communities can have an effect on the applied
BCA, but also on plant pathogens, through various trophic interac-
tions such as antagonism, commensalism or mutualism. More pre-
cisely, the antagonistic effect of microbial communities against
plant pathogens could occur through nutrient or site competition,
antibiosis, direct interaction with the pathogen and induction of
host resistance. Assembling artiﬁcial core microbiomes corre-
sponding to a mix of bacterial strains, and applying them to plant
disease control has been suggested (Gopal et al., 2013). This
approach can be reﬁned: instead of applying a mix of several bac-
terial strains, we could try to identify, select and produce helper
microbial strains. A helper microbial strain does not have biocon-
trol properties per se. It only facilitates or enhances biocontrol
properties through, for example, better BCA establishment or sur-
vival on the host, or improved metabolite production by BCAs.
Microbiome and colocalization studies could therefore provide a
scientiﬁc basis for selecting such helper strains to improve biocon-
trol reliability and efﬁcacy. Moreover, we wish to suggest another
approach, by analogy with human nutrition. A new concept can
emerge in the biocontrol ﬁeld: the probiotic approach, based on
individual or combined application of beneﬁcial strains, can evolve
toward a prebiotic approach based on the application of molecules
driving the plant microbiota toward a composition limiting the
development of plant pathogens. It is worth mentioning that the
development and application of molecules have several advantages
compared to living BCAs: easier registration (at least for the EFSA
at the European level), easier manufacturing, stability, and easier
application of the commercial product. A better understanding of
the interactions between plant pathogens and microbial communi-
ties, also referred to as pathobiome (Vayssier-Taussat et al., 2014),
could lead to the identiﬁcation and development of molecules or
cultural practices able to favor a microbiota protecting a plant
against a pathogen. These molecules could be applied alone or in
combination with a BCA or plant elicitors and defense primers in
order to maximize the efﬁciency of these alternative protection
methods. The efﬁcacy and reliability of these molecules would
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and the presence of ‘‘responsive’’ strains within the community.
Fourth, the stimulation of plant defense responses by individual
BCA strains through induced systemic resistance (ISR) is a
well-known phenomenon and one of the modes of action of
BCAs. The interplay between these BCA strains and the host plant
has been thoroughly studied and reviewed in detail elsewhere
(Pieterse et al., 2014; Zamioudis and Pieterse, 2012). By contrast,
the interplay between plant defense responses and the microbiota
has been scarcely studied. Preliminary work highlighted the inﬂu-
ence of plant defense pathways, such as systemic acquired resis-
tance (SAR) and ISR, on the plant microbiota (Doornbos et al.,
2012; Kniskern et al., 2007). Therefore the techniques used to
study the effect of beneﬁcial microbes on ISR could be adapted
and combined with NGS to study the effect of the microbiota
on ISR.
Fifth, the impact of BCAs on the plant microbiota has already
been studied through classical and NGS approaches. Nevertheless,
there is an emerging ﬁeld of research that has often been sug-
gested, but never addressed, i.e. the inﬂuence of the microbiota
on BCA establishment and development. Antagonistic, commensal
or mutualistic interactions between the microbiota and BCAs will
inﬂuence pathogen control and pathogenesis. Microbiota strains,
genes or pathways linked to improved or decreased BCA efﬁcacy
might be identiﬁed and used to promote BCA efﬁcacy. This area
could be an important ﬁeld in biocontrol research in the future
and has already been investigated into on animal models. The
structure of a mouse gut microbiome can determine a positive or
negative response to probiotics ingestion. This evidences the need
to understand microbial community structure and function to
appreciate and understand the full potential of these treatments
(Veiga et al., 2010).6. Challenges for biocontrol research in the microbiome era
Despite their potential, NGS approaches still present ﬁve impor-
tant limitations likely to slow down their application in the study
of plant microbiomes. These hurdles will have to be overcome for
NGS to be fully reliable.
The origins of technical errors are detailed in (Knief, 2014).
Brieﬂy, sequencing accuracy ranges between 99.0 and 99.6%
depending on the platform, with unequal distribution among the
generated sequences. Ion Torrent (Life Technologies) and 454
(Roche) tend to create insertions and deletions in homopolymers,
while Hiseq and Miseq machines (Illumina) tend to generate sub-
stitution errors mainly at the end of the reads in a sequence- and
strand-dependent manner. The PCR steps prior to sequencing gen-
erate duplicated reads that need to be eliminated. Genome cover-
age is also unequal whatever the technology: some regions are
well covered by sequencers, while others remain poorly
sequenced. Some of these limitations, like accuracy and duplicated
reads, are currently being progressively overcome. NGS technolo-
gies are continuously evolving, with simpliﬁcations in library
preparation, suppression of prior PCR ampliﬁcation, and chemistry
improvements (Massart et al., 2014).
Data analysis is becoming the most crucial step in NGS
approaches: it does not matter howmuch data you have if you can-
not make sense out of it. Importantly, bioinformatics analysis of
high-throughput sequencing data is in a transitional period.
Initially largely cost-prohibitive and accessible only to bioinfor-
maticians, NGS is becoming more and more cost-effective and
user-friendly, in particular with the development of open commer-
cial package platforms such as CLC Bio, Geneious or Galaxy
(http://galaxyproject.org/) or of integrated metagenomics analysis
packages like MG-RAST (Meyer et al., 2008). This transition alsobeneﬁts directly from the exponential growth and cost reduction
of computational power and from the availability of cloud comput-
ing. The current general trend is also to simplify the use and the
parameterization of these tools, making them usable without
extended bioinformatics skills. These efforts improve and facilitate
the handling and analysis of the generated sequences and will
favor the use of NGS in biocontrol research in the near future, for
example to study the interaction between BCAs and resident
microbial populations. Nevertheless, NGS still requires speciﬁc
knowledge and skills to harvest useful information and to avoid
generating biases in the analysis. Such biases can be introduced
at any step of the process: experimental design and sample prepa-
ration (see next paragraph) as well as bioinformatics analysis. Each
of the bioinformatics process (quality control, de novo contig
assembly, contig annotation, sequence mapping on contigs, statis-
tical comparison between samples) can generate biases, and there
is currently no ideal protocol. Stringent protocols will discard
many useful items of information, while relaxing the parameters
will identify more false positive results. Results are not clear cut,
and the information extracted from the data needs to be carefully
analyzed and conﬁrmed taking into account the parameters.
Biocontrol researchers, including PhD or Master’s students, would
therefore need speciﬁc training in NGS data generation, handling
and statistical analysis before analyzing microbiomes. Moreover,
setting up a close collaboration with bioinformatics teams can also
be recommended.
The high resolution of NGS approaches also requires the adap-
tation of experimental schemes. The ﬁrst exploratory phase con-
sists in generating NGS data from an experimental model. Then
data analysis allows for the generation of new hypotheses, and
these hypotheses must further be conﬁrmed through complemen-
tary experiments using either classical methodologies, e.g. micro-
biology, biochemistry, microscopy, gene transformation and
expression, or a new NGS approach. Finally, new scientiﬁc knowl-
edge will be generated that will allow for a better understanding
of microbiota functioning in pathogen and/or BCA development,
and its effects on host physiology. The experimental model needs
to be contrasted but well controlled: the generation of substantial
amounts of data will increase the probability of ﬁnding statistical
differences only by chance and due to confounding factors. Many
statistical models have been developed for the analysis of micro-
biome data (Buttigieg and Ramette, 2014; Chaston et al., 2014;
McMurdie and Holmes, 2013; Shakya et al., 2013; Xia et al.,
2013). The most stringent analysis, including a Bonferroni correc-
tion (De Filippo et al., 2010), is not always applied, and there is no
standardized statistical analysis yet. Once again, results cannot be
100% accurate, as a stringent model will not detect existing differ-
ences while a more relaxed model will generate false positives.
Interesting models could compare the presence or absence of a
BCA or/and a pathogen at a single or several growth and physio-
logical stages of the plant. Sampling time is also a determining
criterion. Most studies include a longitudinal comparison of the
microbiome with time. Sampling should also go with a complete
description of the physiological and symptomatic state of the
plant. Moreover, a higher number of replicates would be recom-
mended to minimize false positive results identiﬁed by chance
within the huge amount of data. Samples should also be handled
and processed very carefully, as NGS technologies are very sensi-
tive to contamination. Sample contamination in fact frequently
occurs but is seldom reported in many if not all laboratories using
NGS approaches. In many cases, these problems are limited to a
low proportion of reads and are of little consequence. For micro-
biome sequencing, such an impact can be higher as small con-
tamination events can be mistaken for microbial strains present
at very low abundance levels and represented by a few sequenc-
ing reads.
Fig. 3. Evolution of biocontrol research toward the integration of microbial communities into the current research triangle.
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metagenome sequencing only provide a relative quantiﬁcation of
the analyzed features. In some cases, it might be important to
quantify the microbial population in terms of cells per square cen-
timeter of leaves or gram of rhizosphere. Absolute quantiﬁcation of
the microbial population, whether bacterial or fungal, can be
achieved by targeted real-time PCR. This absolute quantiﬁcation
can complete the relative quantiﬁcation data from NGS
approaches.
Metatranscriptomics is particularly interesting because it can
differentiate between living and dead bacteria, and analyzes the
microbial community at the true functional level. Nevertheless,
several aspects about the methodological steps before RNA extrac-
tion and puriﬁcation should be reconsidered to ensure a truly real-
istic representation of the genes expressed under a certain
condition. For example, the protocol used to wash the rhizosphere
and phyllosphere microbiota from the plant should be modiﬁed to
reduce washing time. Most protocols currently rely on washing
steps of 15 min up to more than one hour, but this is not always
necessary. This sampling procedure can signiﬁcantly modify
microbiota gene expression and bias the analysis, as observed in
deep sea water metatranscriptomics studies (Feike et al., 2012).
Genetic and genomic sequences of plant microbial communities
are still lacking in databases, even though the gene families cur-
rently considered as important for biocontrol properties or
plant–pathogen interactions are well characterized. The function
of a generated sequence is most often inferred by homology with
databases like Refseq or Swissprot, so the number of uncharacter-
ized sequences or hypothetical proteins in a metagenome dataset
can be high, up to 50% (Kröber et al., 2014; Massart et al., unpub-
lished results). Nevertheless, the number of available genomes
from pathogens, BCAs or epiphytic strains is rapidly growing.
Together with metagenomics data, this will build gene and genome
catalogs of rhizosphere and phyllosphere microorganisms and
facilitate data interpretation in the future. But beyond the increas-
ing number of available genes and genomes, establishing a core
microbiome for each crop species at the taxonomic or functional
level remains an important question as yet to be addressed.
To shed light on this question, metagenomics studies of micro-
biota associated to each crop from different geographical origins
and at different physiological states are essential, as already done
in humans (Yatsunenko et al., 2012). A reference human gut meta-
genome was established by high-throughput sequencing (Qin
et al., 2010), and comparative metagenomics between healthy con-
trols and patients suffering from several disorders contributed to
the characterization of a ‘‘healthy microbiome’’ (Greenblum et al.,
2011; Qin et al., 2010; Tong et al., 2013). Interventional studies
are also useful in deﬁning a ‘‘healthy’’ microbiota, since changes
in the microbial community induced by prebiotics, dietary inter-
ventions or pathogen infection can be studied in relation to clinicalimprovement or worsening. Thus, the genes and pathways associ-
ated with good health or disease can be identiﬁed (Chassaing et al.,
2013; Everard et al., 2014). Therefore, deﬁning the core micro-
biome of an environment as well as gene functionalities will be a
cornerstone to predict situations that can drive to pathogen or
BCA development or modify host physiology. This will be a tricky
task, and underlines the importance of selecting appropriate
pathosystems that are reasonably stable to start with, like green-
house cultivation, controlled hydroponics or post-harvest storage.
7. Conclusion
The advent of NGS has brought about new opportunities to bio-
control research by integrating the study of microbial communities
at the taxonomical and functional levels. Importantly, classical and
NGS technologies should not be seen as competitors but as com-
plementary, and their appropriate combination will facilitate the
discovery of previously unknown or unexpected traits for plant
pathogen control or BCA survival among community members.
We can expect a paradigm switch in the near future, from the
classical biocontrol triangle (plant–pathogen–BCA) to the biocon-
trol prism that integrates the role of resident microbial communi-
ties (Fig. 3). This will be a complicated task because the
composition and dynamics of a microbial community depend on
multiple factors (ecological niche of the microorganisms, past
and current environmental conditions, plant species and physio-
logical state. . .) that will also inﬂuence on the survival and devel-
opment of a foreign BCA within this community.
Initial hypotheses and experimental design are the key success
factors of any microbiome analysis. Many studies are focused on
generating sequences to simply answer the question ‘‘what is
there?’’. This descriptive approach may have a limited impact for
biocontrol and often raises a well-known comment: ‘‘So what?’’.
For biocontrol research, microbiome studies should be considered
as a tool to answer biocontrol-related questions (see examples in
the text above), but not as the main question to be addressed.
Moreover, designing an appropriate experimental model to
address relevant hypotheses is a transdisciplinary task requiring
the integration of expertise in biological control, microbiology,
ecology, molecular biology and bioinformatics.
Altogether, these scientiﬁc discoveries will allow scientists to
identify new ways of improving pathogen control by better timing
application, or improving BCA formulation, or identifying helper
microbial strains for the BCA, or developing molecules inﬂuencing
on microbiota composition to promote ‘‘BCA-friendly’’ or ‘‘patho
gen-antagonistic’’ microbiota.
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